Interactive simulation, also known as operational gaming, is a preanalytical tool intended to provide a better intuitive understanding of a given problem situation and to lead through successive approximation to the construction of a realistic analytical model.
Introduction
The model to be described here, which is named 'GEM' (for "Global Economic Model '.), is a six-person interactive simulation model (or game), intended to generate intuitive insights into , the economic interactions among six world regions over the next fifty years.
Each player is responsible for manipulating the economy of one of these regions.
To do so, he has to make resource allocation decisions (between sector inputs, capital investment, investment in R+D, and supplies to consumers and to government); in addition, he may trade commodities with the other five participants and conclude long-term agreements with them concerning trades, loans, investments, and technology transfer. The economic structure of each of these regions is highly aggregated and is represented in terms of eight economic sectors.
The GEM game is played over a simulated 50-year period, starting with the present. The 50 years are broken up into ten 5-year scenes, where each scene represents one move cycle in the game.
Purpose
The purpose of such simulation gaming generally is not so much to solve problems directly but to lead to a better intuitive understanding of the problem structure and thereby to help the analyst in the development of models that gradually become more and more appropriate for dealing with the real-world problem situation. Thus a simulation game is preanalytic in nature: it is not intended in itself to be either predictive or decisional.
An essential part of the routine of playing a simulation game is a constructive debriefing or review session in which the participants are asked to engage (a) in a self-critique ("what would I do differently if I were to play the game again?") and (b) in a critique of the game ("what numerical inputs, or what structural components, of the game should be altered in order to achieve greater realism?") .
As a result of such inquiries, the game is almost invariably changed in some respects between plays. The gaming activity, therefore, should not be viewed as a series of trial runs of a particular simulation model but as a dynamic process in which a more and more realistic conception ot' the world gradually evolves.
A simulation game must have the built-in capability of such potential self-correction.
The particular purpose of GEM is to help acquaint IIASA's staff with the potentialities of simulation gaming as a preanalytical research tool. Thus GEM's primary function is that of a demonstration game. It is for this reason that emphasis has not been placed on obtaining the most precise and up-to-date statistics to serve as input data for the six regions considered in GEM but rather on including in the game model as many important The move structure of each scene is shown in Figure 1 on p.4.
Before explaining in greater detail the elements contained in Figure 1 and particularly the players' move options, it is necessary to describe the basic structure of the underlying economic model. However, there is one important feature of the game which deserves to be pointed out first. As is evident from the indications given in Figure 1 , the model contains certain stochastic elements. Some of these reflect influences entirely exogenous to the model, such as those controlling the weather and the growth of population. Others, such as technological breakthroughs or the amount of labor unrest, are endogenous in the sense that, while they are the result of random (i.e.,.MonteCarlo) decisions, their probabilities of occurrence can be affected by player actions. The effect of the presence of these stochastic features is that the players have to plan in the face of some uncertainty as to the results of their decisions.
In this respect the model differs markedly and, it is hoped, in the direction of realism from standard econometric models in which economic output is determined solely by input allocations. 
8: Services
The singling out of food as a separate sector and the decision to have energy represented by two sectors (6 and 7) reflect the special importance attached to long-range planning in these areas at IIASA and elsewhere.
To express input/output transactions among the sectors of the economy, it is convenient--and in view of the high degree of aggregation virtually mandatory--to use monetary units in order to be able to add together otherwise incommensurable quantities. Of course, the production process requires certain physical quantities as inputs to obtain a specific physical output, and the monetary value of these inputs and outputs may change as prices fluctuate. A simple way to deal with this situation is to choose a monetary unit and then to define one physical unit of the output of Sector i as that quantity of the i-th commodity whose price, at the outset of the game, is one monetary unit.
As the monetary unit we choose $ 1 B (= one billion dollars) .
The operation of the economy is described in terms of an input/output matrix which, for the purposes of GEM plays, can best be presented in the format shown in Figure 2 To change from technical coefficients to monetary flow coefficients it is necessary to multiply the column vector of technical coefficients corresponding to the i-th sector with the activity level of that sector and then to form the inner product with the vector of current prices.
In applications to the real world, an input/output matrix can be interpreted as representing either the rates of flow at a given time or the average flows over a given period (such as a year) .
In the context of GEM, we shall for game-playing purposes maintain the fiction that the economy of a region operates in two successive stages:
In stage I, the activity levels of the industrial sectors are chosen by the player directing that region, the required inputs for these activity levels are calculated, and the net product (i.e., the total output minus the required intermediate inputs) is determined. This together with existing inventories and net additions derived from imports constitutes the resources available to satisfy final demand. Given this information, the player, in Stage II, decides how to allocate these supplies between consumers, government, capital investment (both 'hard' and 'soft' [see below]), and inventories.
It should be noted that the options available to a player in both Stages I and II are sUbject to certain obvious constraints.
The activity levels chosen in Stage I are constrained by (a) the capacities of the sectors, (b) the total amount of effective labor available, and (c) the requirement that net production plus inventories must be nonnegative. In addition, in the special cases of Sectors 1 and 6, there are limits on known resource deposits, and production may not exceed the ･ ｸ ｴ ｲ ｡ ｣ ｴ ｾ ｯ ｮ of such known deposits.
The allocation made in Stage II is subject to the constraints that final supplies must be nonnegative and must add up to the total available for this purpose.
When playing GEM, the options available to a player, as well as any constraints on his allocations, will be clearly displayed to him. The constraints will include the absolute ones just enumerated as well as "advisory constraints". The latter will inform him about (a) the amount of hard-capital investment required to offset capital depreciation, (b) the level of supplies to consumer households (food and other commodities) necessary to prevent deaths from starvation and civil unrest, and (c) the level of supplies to government necessary to prevent deterioration of government services (see below).
While in standard econometric models the output of the economic sectors is completely determined once their activity levels have been set (provided, of course, the proper feasibility constraints have been met), this is not so in GEM, since there are two built-in random elements affecting the output: One is the uncertainty of the amount of labor unrest, which affects the size of the effective labor force (see the following section) and thereby indirectly the output of each sector; the other is the regional harvest conditions (weather, crop and cattle diseases, pests, etc.), which are simulated as follows: for each region and each scene, a random deviate ｾ is drawn from a normal distribution with quartiles at ±.OS, and the nominal food output for that region and scene is then multiplied by 1 + <5.
Population and labor population, and labor in particular, are measured in units of one million persons.
For each region, a fixed population growth rate has been as- or o. 1 monetary units. Hence f = . 1 and P' = .971 P. In other words, at this level of food supply, the population, over a fiveyear scene, will be reduced by about 3%.)
The total labor force, TLF, for simplicity, is set equal to
.45 P for all regions.
The total labor force may be reduced in its effectiveness by The allocation of supplies to households (described by a vector H) is a little more complex than that of government supplies.
First of all, a food allotment, H 5 , is chosen. The remaining components of H essentially are to be in proportion to a given profile, except that there is some built-in flexibility, in that up to 20% of each of the components H 3 ,H 4 ,H a may be substituted for by the others, and similarly up to 20% of the components H 6 and H 7 may be substituted for by the other.
For u to remain constant, d has to equal some minimal rate of increments in total per-capita supplies to households, which we shall here simply assume to be 10% per scene, or d = .1. If u is the labor unrest in one scene and u' that in the next scene, we shall set
where, in .1c1d i tion to f (u, .1) = u, we shall assume that f (u, -.5) = 1 and f (u, 1) = 0 (that is, halving per-capita supplies will cause labor unrest to rise to its maximal value of 1, whereas doubling supplies will quell such unrest altogether). A relatively simple such function, which will be adopted here, is
Superimposed upon this function we assume a random distribution, as follows: let ｾ be a random deviate drawn from a normal distribution with quartiles at ±.05; then replace u' by min [1 , max (0 , u' + e5 ) ] • (This simply adds ｾ to u', except that cut-off points are introduced at 0 and 1.)
A fraction s of the effective labor force is skilled, the remainder, 1 -s, unskilled.
The quantity ¥S is called the 'labor productivity multiplier', and the 'available skilled-labor equivalent' is defined as follows:
Note that if s = 0 then SLE = 0 and if s = 1 then SLE = ELF, and that the marginal effect of an increased skill fraction is a decreasing function.
Skilled-labor equivalents are treated as being freely interchangeable.
The skill level of the labor force is assumed to decline 10%
per scene unless this trend is countered by governmental educational efforts, as evidenced by the government's efficiency level (see next section). Note that 1abor productivity, which may be defined as GNP/TLF, is equal to VS'GNP / (1+4u 2 )SLE.
Government
The government requires final supplies from Sectors 3, 4, 6, 7, 8 in fixed proportion. The activity level of this supply vector will determine government efficiency, g, which in turn will affect (a) the skill level of the labor force, (b) the capital coefficients (both hard-and soft-capital), (c) the rates of inventory depreciation, and (d) the quality of information on commodity quantities available to the player for planning purposes.
We assume that g is measured on a scale from 0 to 1 and that it is a function solely of the per-capita activity level, x, of the vector specifying supplies to the government. Let x =a be that level of per-capita supplies at which the government operates at efficiency g = .9. Then we set 9x 2
which has the effect that doubling the supplies to government raises government efficiency from .9 to .97, whereas halving them lowers it from .9 to .69. and what resources he has in fact available for this purpose, fol-'lowing his definite choice of activity levels. In order to simulate the heightened uncertainty in any national economic planning process that has its cause in governmental inefficiency, the pieces of information just mentioned will be modified slightly. In fact, if the final output of a sector is x, the information given to the player will be x + 6, where d is a random deviate drawn from a normal distribution with quartiles at ±.2(1 -g)x, where g is the governmental efficiency. Note that this deviation is°for g= 1 and 20% for g =0.
In applying this rule, the same deviate will be used for the same output component, regardless of whether this information per--13 -tains to a tentative (expected) output or the output resulting from the player's definite choice of activity levels.
(This is to make it impossible for him to increase the accuracy of his information by repeated sampling.)
Capital investment
There are two kinds of capital investment, denoted as 'hard'
and 'soft'.
Hard-capital "investment consists in the expansion of production facilities, using existing technologies. It requires as inputs durable goods (Sector 3) and services (Sector a). The capital coefficients, c 3 and c a ' which specify the amounts of these inputs required to expand capacity by one unit (one unit being the amount of capacity needed to produce one unit of output), of course depend on the sector which is being expanded and on the available technology; however, it will be assumed throughout that c a = tic3.
(If several technologies are available, it will be assumed that expansion utilizes the most recently acquired technology, unless the contrary is specified by the player.) All production capacity is assumed to depreciate at the rate of 25% per scene.
Soft-capital investment represents an R+D effort; it consists in promoting certain technological breakthroughs (see below) by attempting to enhance their probability of occurrence. Softcapital investment, too, requires inputs from Sectors 3 and a only. The soft-capital coefficients, d 3 and da' specify the amounts of these inputs required to enhance the corresponding probability by one unit, where the meaning of a 'unit enhancement' will be explained presently. In this case, too, for simplicity, a fixed ratio between d 3 and d a will be stipulated; in fact, we shall set d a =d 3 , with the value of d 3 depending on the breakthrough sought.
The details of handling technological advances and their consequences will be the subject of the following two sections of this paper.
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Technological breakthroughs
It will be assumed that each sector's production process is capable, in principle, of technical improvement resulting in a more economical method of production. Such an improvement will be the consequence of a technological breakthrough, which is treated as an event having, for each scene, a certain probability of occurrence that can be estimated and also can be influenced by investment in appropriate R+D ('soft-capital investment').
A technological breakthrough in Sector i causes the technicalcoefficient vector for Sector i,
(where 'L' stands for 'labor') to be changed to a different vector:
Also, while the resource costs of a capacity unit for Sector i , had been, say, c3'4c3 (for Commodities 3 and S respectively), the
new resource costs W1. e some ot er quant1. 1.es c3'4c3. Once a technological breakthrough in a sector has occurred, the player's further investment in capital-stock expansion in that sector, including the replacement of capacity depreciation, will--as stated before--automatically be assumed to utilize the most recently acquired technology (unless the contrary is specified). As a result, the sector will operate in a mixed mode, using partly the obsolete and partly the novel technology.
Specifically, the potential technological breakthroughs in- = the feasibility of producing electric energy from fusion power plants.
Of these, TB S ' TB 7 , and TB 7 are production innovations. None of these are repeatable; however, any normal improvement in Sectors 5 or 7 (i.e., the occurrence of TB S or TB 7 ) is considered to apply also to these new technologies, reducing their last four technical coefficients by 10%. Of the other three events, TB 1 and TB 6 are repeatable while TB S is not.
Forecasts and enhancement of technological breakthroughs
Plays of GEM will be based on probabilistic forecasts regarding the occurrence of technological breakthroughs. For the time being, it will simply be assumed that, in the highly developed regions S, E, and N, the basic probability of occurrence per scene will be .10 for each TB i , where 'basic' refers to the case where there is no additional enhancement through soft-capital investment (see below) • (These probability assumptions, like many other GEM parameters, can easily be modified later if and when information is available that would lead to more realistic values.)
For the remaining breakthroughs, the scene probabilities will also be assumed to be constant, as follows:
TB' TB' TB" TB' TB ' TB" 1 5 5 6 7 7 .05 .02 .02 .05 .02 .01
Note that for the nonrepeatable events (TB;, TB;, ｔ ｂ ｾ Ｌ TB;) these scene probabilities are conditional on the event not having occurred in an earlier scene; once they have occurred, their subsequent scene probabilities will be zero.
In If k·c is allocated to enhancing the probability of the breakthrough (where k >0), the resulting enhancement will consist in replacing p by
Here k is called the 'degree of enhancement'.
If, as a result of an enhancement, the breakthrough still does not occur in the next scene, the effort is not assumed totally wasted but, as in the real world, some of the effort (in the case of GEM, one half) carries over to the following scene. That is, if k·c was invested in Scene i, the effect in Scene i+2 will be as though ｾ ｫ Ｇ ｃ had been invested in Scene i+1; similarly the effect in Scene i+3 will be as though ttk'C had been invested in Scene i+2;
and so on.
Note that technological breakthroughs are region-specific.
However, once a breakthrough has taken place somewhere, all scene probabilities related to that breakthrough in other regions are enhanced by one unit in subsequent scenes (that is, p is raised to ｾ Ｉ Ｎ Moreover, a new technology can be transferred to ｡ ｮ ｯ ｾ ｨ ･ ｲ region if the donor contributes the service portion of the required capital investment during the first scene when such investment is undertaken. The minimal level of investment, for this purpose, is that required for one capacity unit.
Cross impacts
Technological advances do not occur in complete isolation from one another. That is to say, the occurrence of one may influence the subsequent probability of occurrence of others. These mutual effects are referred to as 'cross impacts'. For instance, if there are two rival breakthroughs, such as TB S and TB S ' a player, once he has achieved one of these, may well decide to allocate fewer resources to the other, thereby reducing its probability of occurrence. Conversely, one breakthrough may technically facilitate another and thus raise its probability of occurrence; for instance, an advance in production technology in Sector 3 (i.e., TB 3 ) may thus trigger a similar advance in Sector 4 (i.e., TB 4 ).
The first of these impacts, that is, the reduction in probability of rival technologies, is taken care of in GEM via the players' own actions. The other, the mutual enhancement of technological progress, needs to be inserted in the mathematical model. We shall not try to be sophisticated about this but merely reflect this effect in a very simplistic manner.
It will be assumed that these mutually enhancing impacts occur between (a) TB 1 and TB 6 ; (b) TB 2 , TB 3 , and TB 4 ; (c) TB, and TB 6 .
Whenever one of these occurs in a region, it will be assumed that the other (or others, in Case (b)) will be enhanced by one unit.
That is, the effect, say, on TB 6 will be the same if, in the preceding scene, TB 1 occurred in the same region or if TB 6 occurred in some other region.
Since all of the affected events are potentially repeatable, we have, for the present purpose, to distinguish between their first, second, and so on, occurrence. It has to be understood that the impacts described above refer to the effect of the i-th occurrence on the i-th occurrence.
World trade
There are six tradable commodities, namely, those produced by Sectors 1 through 6. Electricity (Sector 7) and services (Sector 8) are not considered tradable, but some services may be transferred from one region to another as part of a technology transfer arrangement (see p.17).
During each scene there will be one international meeting among the players, which consists of a formal trading session as well as informal negotiations. The latter, which may take place both before and after the formal session, may result in bilateral agreements concerning loans, investments, technology transfer, and future trading arrangements. Forms are provided for recording such agreements. The purpose of these forms is to make sure that there is no misunderstanding of what has been agreed to, but the rules of the game imply no enforcement of any such contracts.
To facilitate sales during the formal trading sessioni each player is provided with a small amount of international currency (generally equalling one tenth of his region's initial GNP).
It is expected that the players will balance their imports and exports sufficiently well to stay within these cash flow limitations.
If they cannot do so, they will have to rely on negotiated loans or gifts from the other players.
A GEM scene covers 5 years; but since it is customary to state 
Dummy players
Provision has been made to carry out plays of GEM when there are fewer than six players by automating the actions pertaining to one or more of the regions. This is done by prescribing specific policies to be followed by such "dummy players", as described below.
The advantage of this provision is not only to accommodate groups of fewer than six participants, but also to offer the important possibility of systematically exploring the relative value of preset policies by repeatedly exposing them to the vicissitudes of random events and interventions by opposing players.
For this purpose we define the choice of a 'policy' as consisting in the assignment of importance ratings, as follows: It should be mentioned that the above provisions for automating the operation of a GEM region can also be invoked if a player, after participation in several scene rounds, wishes to relinquish further activE participation in favor of merely setting a policy and turning over the further management of his region to automatic control.
